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of myf5 and myoD Expression and Timely Terminal
ifferentiation in Zebrafish Adaxial Myogenesis
Oliver Coutelle,* Chris S. Blagden,1 Richard Hampson, Chandi Halai,*
Peter W. J. Rigby,* ,2 and Simon M. Hughes3
MRC Muscle and Cell Motility Unit, New Hunt’s House, King’s College London, London SE1 1UL,
United Kingdom; and *Division of Eukaryotic Molecular Genetics, MRC National Institute
or Medical Research, The Ridgeway, Mill Hill, London NW7 1AA, United Kingdom
edgehog proteins have been implicated in the control of myogenesis in the medial vertebrate somite. In the mouse, normal
paxial expression of the myogenic transcription factor gene myf5 is dependent on Sonic hedgehog. Here we examine in
ebrafish the interaction between Hedgehog signals, the expression of myoD family genes, including the newly cloned
ebrafish myf5, and slow myogenesis. We show that Sonic hedgehog is necessary for normal expression of both myf5 and
yoD in adaxial slow muscle precursors, but not in lateral paraxial mesoderm. Expression of both genes is initiated
ormally in rostral presomitic mesoderm in sonic you mutants, which lack all Sonic hedgehog. Similar initiation continues
uring tailbud outgrowth when the cells forming caudal somites are generated. However, adaxial cells in sonic you embryos
re delayed in terminal differentiation and caudal adaxial cells fail to maintain myogenic regulatory factor expression.
espite these defects, other signals are able to maintain, or reinitiate, some slow muscle development in sonic you mutants.
n the cyclops mutant, the absence of floorplate-derived Tiggywinkle hedgehog and Sonic hedgehog has no discernible effect
n slow adaxial myogenesis. Similarly, the absence of notochord-derived Sonic hedgehog and Echidna hedgehog in mutants
acking notochord delays, but does not prevent, adaxial slow muscle development. In contrast, removal of both Sonic
edgehog and a floorplate signal, probably Tiggywinkle hedgehog, from the embryonic midline in cyclops;sonic you double
utants essentially abolishes slow myogenesis. We conclude that several midline signals, likely to be various Hedgehogs,
ollaborate to maintain adaxial slow myogenesis in the zebrafish embryo. Moreover, the data demonstrate that, in the
bsence of this required Hedgehog signalling, expression of myf5 and myoD is insufficient to commit cells to adaxial
yogenesis. © 2001 Academic Press
Key Words: skeletal muscle; zebrafish; myf5; myoD; hedgehog; differentiation; somite; myoblast; myogenesis.m
mINTRODUCTION
The somites of a 1-day zebrafish embryo are composed
chiefly of myotome that contains three kinds of muscle
fibres: medial fast muscle, superficial slow muscle, and
1 Present address: Skirball Institute, New York University Medi-
cal Center, 540 First Avenue, New York, NY 10016.
2 Present address: Section of Gene Function and Regulation,
nstitute of Cancer Research, Chester Beatty Laboratories, 237
ulham Road, London SW3 6JB, UK.
3 To whom correspondence and reprint requests should be ad-
ressed at 4th floor south, New Hunts House, Guy’s Campus,
ing’s College London, London SE1 1UL, UK. E-mail: simon.
ughes@kcl.ac.uk. Fax: 020 7848 6798.
136edial slow muscle pioneer fibres at the dorsoventral
idline (Waterman, 1969; Felsenfeld et al., 1991; for review
see Stickney et al., 2000). Both slow fibre types are derived
from the adaxial cells of the presomitic mesoderm, yielding
around 20 cells adjacent to the notochord in each somite
(Devoto et al., 1996). At the time of somite formation, the
adaxial cells elongate anteroposteriorly and later migrate
radially through the somite to form a monolayer of super-
ficial slow muscle fibres beneath the dermis (Devoto et al.,
1996). A subset of the adaxial cells does not migrate but
becomes muscle pioneers, which form the horizontal myo-
septum that separates the epaxial and hypaxial domains of
the somite (Hatta et al., 1991a). Most of the remainder of
the somite (hereafter described as paraxial mesoderm) gen-
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137Hedgehogs and Zebrafish Adaxial Myogenesiserates fast muscle fibres, starting around the time of slow
muscle fibre migration (Blagden et al., 1997; Devoto et al.,
1996). At later stages myotomal growth derives mainly
from the dividing cells at the dorsal and ventral edges of the
somite (Rowlerson et al., 1995). This is analogous to the
rocesses in amniotes, where two populations of cells
ontribute to the myotome: epaxial and hypaxial, in which
he expression of the gene encoding the myogenic transcrip-
ion factor Myf5 is differentially regulated (Cossu et al.,
996; Tajbakhsh et al., 1997; Summerbell et al., 2000).
Myf5 and MyoD are two myogenic regulatory factors
Mrfs) of the basic helix loop helix family thought to
ommit murine mesodermal cells to myogenesis (Rudnicki
t al., 1993). Myf5 is the first Mrf gene expressed in the
ouse, followed by myogenin at the onset of terminal
ifferentiation of myoblasts into myotubes (Ott et al.,
991). In Xenopus, myf5 and myoD are both expressed early
n the presomitic mesoderm and in the developing somites
Hopwood et al., 1991) and mrf4 and myogenin are ex-
ressed late (Jennings, 1992; Nicolas et al., 1998). Although
yoD and myogenin expression appear sequentially in the
ebrafish (Weinberg et al., 1996), myf5 and mrf4 homo-
ogues have not been described.
The signalling molecule Sonic hedgehog (Shh) is required
or normal skeletal myogenesis in the medial somite of
mniotes and for generation of motoneurons that innervate
uscle (reviewed in Hughes and Salinas, 1999). Accordingly,
argeted deletion of the sonic hedgehog (shh) gene in the
ouse leads to down-regulation of the epaxial expression of
yf5, which is required for normal myogenesis (Chiang et al.,
996; Borycki et al., 1999). In contrast, myogenesis in more
ateral regions of the somite can occur independently of shh
unction. Similarly, in chicken embryos, reduction of shh
xpression with antisense oligonucleotides prevents forma-
ion of a medial myogenic cell population, whereas exposure
f somites or presomitic mesoderm tissue to Shh in ovo or in
issue culture promotes myogenesis (Johnson et al., 1994;
u¨nsterberg et al., 1995; Maroto et al., 1997; Borycki et al.,
998; Cann et al., 1999). In cultured mouse somites, Shh-
ediated induction of MyoD expression is Myf5-dependent
Borycki et al., 1999). These data suggest that Shh is required
n amniotes for the initiation of medial myogenesis. However,
ther evidence indicates that the role of Shh is to maintain
yogenesis in the medial somite by promoting proliferation
r preventing apoptosis (Asakura and Tapscott, 1998; Teillet
t al., 1998; Marcelle et al., 1999). In either case, there is
learly a link between Shh and Myf5-dependent medial myo-
enesis.
In zebrafish, Shh has also been implicated in the forma-
ion of a specific medial muscle cell population, the adaxial
yoblasts, which generate slow muscle (Weinberg et al.,
996; Blagden et al., 1997; Du et al., 1997). Several lines of
vidence support this view. First, mutants lacking Shh or
he ventral midline tissues that express Shh are deficient
nly in medially derived slow muscle, whereas fast muscle
s unaffected (Blagden et al., 1997; Lewis et al., 1999b).
econd, overexpression of Shh is capable of inducing slow
Copyright © 2001 by Academic Press. All rightyogenesis throughout the somite of embryos that entirely
ack ventral midline tissue, suggesting that notochord- or
oorplate-derived Shh explains the origin of slow muscle
ext to the ventral midline in wild-type zebrafish embryos
Blagden et al., 1997). Third, adaxial cells in wild-type
mbryos strongly express the Shh targets patched1 (ptc1)
nd ptc2, implying that these cells have been exposed to
ignificant levels of a Hedgehog (Hh) signal (Concordet et
l., 1996; Lewis et al., 1999a). Fourth, the you-too mutant,
hich has a defect in zebrafish gli2, a likely component of
he Hh signalling pathway, entirely lacks slow, but not fast,
uscle (Van Eeden et al., 1996; Karlstrom et al., 1999;
ewis et al., 1999a). Finally, analysis of a series of U-shaped
omite mutants that lack the pioneer subset of slow muscle
ells reveals that the mutant genes are each likely to encode
omponents of the Hh signalling pathway (Schauerte et al.,
998; Lewis et al., 1999a; Barresi et al., 2000). It therefore
eems likely that Hh signalling plays a similar role in
edial myogenesis in amniotes and zebrafish.
Two other hedgehog genes, tiggy-winkle hedgehog (twhh)
nd echidna hedgehog (ehh), are also expressed in the
ebrafish ventral midline during the period of slow myo-
enesis (Ekker et al., 1995; Currie and Ingham, 1996). It is,
herefore, not clear whether the various Hhs have specific
oles in slow muscle formation in vivo. Indeed, overexpres-
ion of any of the three Hh proteins can induce ectopic slow
uscle in zebrafish embryos (Currie and Ingham, 1996;
lagden et al., 1997; Du et al., 1997; Schauerte et al., 1998).
his is consistent with the promiscuous binding of differ-
nt Hh proteins to Patched cell surface receptors, which are
mplicated in Hh signal transduction (Carpenter et al.,
998; Lewis et al., 1999a). Whereas zebrafish shh is ex-
ressed in both the notochord and the floorplate of the
eural tube, ehh is expressed exclusively in notochord and
whh only in floorplate at early developmental stages (Ek-
er et al., 1995; Currie and Ingham, 1996). The precise
ontribution of each Hh protein and the exact function of
h signalling in adaxial myogenesis are unclear.
Our data show that several signals from the zebrafish
entral midline, at least some of which are carried by Hhs,
ct in concert to regulate medial slow adaxial muscle
ormation. Hhs are required for maintenance of myogenesis
nd timely slow myotube formation. Shh is not required for
nitial induction of medial myf5 or myoD myogenic mark-
rs, for cell survival in the medial presomitic compartment,
r laterally for myf5 or myoD expression or timely fast
uscle differentiation in paraxial somitic mesoderm. Dif-
erent combinations of Hh signals act to maintain expres-
ion of both myf5 and myoD in adaxial presomitic meso-
erm that generates rostral and caudal somites.
MATERIALS AND METHODS
Zebrafish Lines
Wild-type fish were either from the National Institute of Medi-
cal Research or King’s wild type (wt) (King’s College London (KCL)).
s of reproduction in any form reserved.
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138 Coutelle et al.No differences were observed between the strains. Mutant fish
lines were maintained at KCL and were syutbx392 (Schauerte et al.,
1998), flhn1, ntlb160 (Halpern et al., 1993), cyc-1b16 (Hatta et al.,
1991b) on a King’s wt background. Husbandry was as described
(Westerfield, 1995).
Cloning of a Zebrafish myf5 Homologue
RNA from about 400 zebrafish embryos between the 10 and 22
somite stages was isolated by the method of Chomczynski and
Sacchi (1987). cDNA synthesis was according to Gubler and
Hoffman (1983). The conserved basic helix-loop-helix (bHLH) do-
main of the zebrafish myf5 gene was amplified by RT–PCR with a
egenerate forward primer (Z1: GGNMAYTGYYNMYNTGGGC)
orresponding to amino acids GHCLQWA and a reverse primer
ZR: CACCTGTTCCCGAGCAGCTCCTG) corresponding to
mino acids QELLREQV. A 100-fold dilution of the PCR product
as reamplified using a nested forward primer (Z2: MYNTGGGC-
TGYAATGCNTG) corresponding to amino acids QWACKAC
nd ZR. The PCR products were cloned into pBluescript(KS1)
(Stratagene) and sequenced using the Prism DNA sequencing kit on
ABI377 instruments (both ABI/Perkin–Elmer). A full-length cDNA
clone was obtained by screening a cDNA library constructed from
post-somitogenesis zebrafish embryos in bacteriophage Lambda
ZAP II (Stratagene) by R. Riggleman and K. A. Helde (Eccles
Institute of Human Genetics, University of Utah, U.S.A.). The
organisation and intron sequences of zebrafish myf5 were deter-
mined by comparison of the nucleotide sequences of genomic PCR
products generated with flanking PCR primers derived from the
cDNA sequence and the genomic sequence submitted to the EMBL
Database library (AF253470). Genomic DNA was obtained from
adult zebrafish as described (Westerfield, 1995).
In Situ Hybridisation and Immunohistochemistry
Embryos were fixed in 4% paraformaldehyde in PBS overnight at
4°C followed by dehydration through a methanol series, rehydra-
tion, and bleaching in 4% H2O2. Embryos were hybridised to
digoxigenin–11-UTP-labelled antisense probe at 65°C overnight.
The myf5 probe corresponded to positions 156–378 of the zebrafish
myf5 cDNA sequence. The myoD probe was as described (Wein-
erg et al., 1996). Two-colour in situ hybridisations were performed
as described (Jowett and Yan, 1996): fluoresceinated myoD probe
as detected using fast red (Boehringer-Mannheim) and the
igoxigenin-labelled myf5 probe was detected using a BCIP/NBT
omplex. For histology, wax-mounted embryos were sectioned
erially at 7 mm. Immunohistochemistry of cryosections using
A-D5 to detect slow muscle and EB165 to detect fast muscle and,
n wholemount embryos, A4.1025 to detect all muscle was per-
ormed as described (Blagden et al., 1997). TUNEL assay was
erformed using an Apoptag kit.
RESULTS
Rostrocaudal Differences in Slow Muscle
Formation in shh-Null Embryos
To examine the role of Shh in zebrafish muscle pattern-
ing we analysed the strong shh mutant zebrafish syutbx392
(Schauerte et al., 1998) for the presence of adaxial muscle
cells and the slow muscle fibres into which they differen-
Copyright © 2001 by Academic Press. All righttiate (Fig. 1). As recently reported by Lewis et al. (1999b),
slow MyHC immunoreactivity was substantially reduced
at 24 h postfertilisation (hpf), from around 20 cells per
somite section in wild-type and heterozygous siblings to
fewer than half that number in syu mutant embryos.
Specifically, medial slow MyHC-expressing cells in the
position of muscle pioneer fibres were absent, whereas fast
muscle appeared unaffected (Figs. 1A–1G). Serial sections of
a syu mutant individual showed approximately six slow
fibre profiles per somite in the posterior yolk extension
region (somites 15–20, Fig. 1G). Although more rostral
regions of 24-hpf syu embryos showed lesser muscle defects
(Figs. 1B and 1G), reduced differentiation was also apparent
in rostral somites of 15 somite embryos (6/19 embryos from
a syu heterozygote cross-examined by wholemount immu-
nohistochemistry for MyHC (Figs. 1H and 1I; see also Fig.
4Q). Thus, the zebrafish shh gene, although not essential for
slow muscle formation, is required for generation of the
normal number of slow muscle fibres, particularly in caudal
somites.
In agreement with others (Schauerte et al., 1998; Lewis et
al., 1999b), we found that myoD expression appeared nor-
mal in rostral somites, but was absent from adaxial cells of
the anterior presomitic mesoderm, in ;25% of 15 somite
embryos from a syu heterozygote cross (7/25) (Figs. 1L and
1M and Weinberg et al., 1996). However, in younger em-
bryos at tailbud stage, only a mild reduction in myoD
mRNA expression was observed in 4/36 embryos from a syu
heterozygote cross: all embryos still had two adaxial stripes
of myoD signal (Figs. 1J and 1K). Thus, reduction of myoD
expression in nascent adaxial cells is more severe in caudal
regions, which subsequently have greater loss of mature
slow muscle fibres at 24 hpf.
Whereas myoD expression in 15 somite syu embryos was
greatly reduced or absent in adaxial cells of anterior pre-
somitic mesoderm, myoD was, nevertheless, consistently
strongly expressed in the tailbud in two spots on either side
of the base of the notochord, which we hereafter call
preadaxial cells, at least between the 12 and 18 somite
stages (Fig. 1M, arrow). So sonic hedgehog is not required
for myoD expression in these tailbud cells.
myf5 Is Transiently Expressed in Muscle
Precursor Cells
Although myoD is absent or greatly reduced in the caudal
adaxial cells of the yolk extension region of syu embryos,
significant numbers of slow muscle fibres form in this
region. To examine the possibility that adaxial cells in syu
embryos are capable of generating slow muscle in the
absence of normal myoD expression via a myf5-dependent
pathway, we isolated and sequenced genomic DNA and
cDNA of a zebrafish homologue of the mammalian myf5
gene. The new gene is expressed in the paraxial mesoderm
of zebrafish embryos and we have termed it myf5 (Fig. 2).
Like the other Mrf genes, myf5 has three exons separated by
two introns. An open reading frame encoding 237 amino
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightacids was identified, compared with 255 amino acids of the
mouse and Xenopus homologues (Hopwood et al., 1991;
Buonanno et al., 1992). In vitro translation in reticulocyte
ysates produced a discrete product with an apparent M r of
36 kDa compared with the predicted M r of 28 kDa (data not
shown). Similar aberrant migration has been observed with
Myf5, MyoD, and Myogenin in other species (Tapscott et
al., 1988; Lin et al., 1989; Hopwood and Gurdon, 1990;
Scales et al., 1990; Hopwood et al., 1991). Sequence align-
ment revealed a high degree of overall sequence conserva-
tion particularly in the first exon, which encodes the bHLH
region that is involved in heterodimerisation and DNA
binding of Mrfs (Fig. 2A). The C/H-rich domain upstream of
the basic region is also conserved and might be associated
with ability of Myf5 and MyoD to remodel chromatin
structure (Gerber et al., 1997). A serine-rich region of yet
unknown function in the third exon is conserved amongst
Mrfs across vertebrate species. Myf5 shares 55% amino acid
similarity with Myf5 of Xenopus, mouse, and chicken, 70%
identity with Myf5 of the teleost Fugu rubripes (our unpub-
lished observation), and 91% identity with carp Myf5
(Kobiyama et al., 1998). In comparison, homologies of 42%
with zebrafish MyoD (Weinberg et al., 1996), 31% with
Fugu Mrf4 (our unpublished data), and 33% with mouse
myogenin (Edmondson and Olson, 1989) support our view
that the myf5 gene is a zebrafish myf5 homologue (Fig. 2A).
The expression pattern of myf5 was determined by
wholemount in situ hybridisation and is consistent with a
role for myf5 in zebrafish muscle development. myf5 is first
detectable at 80% epiboly during convergent extension of
the mesoderm in triangular domains of expression and in
two bands of cells flanking the presumptive notochord (Fig.
2B). At tailbud stage, myf5 expression is detected in the
adaxial cells, which extend back as far as the gastrulating
margin flanking the dorsal organiser region (Fig. 2C). Later,
at the 18 somite stage, myf5 is readily detected in adaxial
cells as they form (Fig. 2E). Transverse sections through the
presomitic mesoderm and flat-mounted embryos suggested
that all adaxial cells express both myf5 and myoD (Figs.
2L–2N and 2Q). As adaxial cells become incorporated into
somites, their expression of myf5 declines dramatically
Figs. 2G and 2M). Thus, both myf5 and myoD are expressed
n adaxial myoblasts from their inception until they un-
ergo terminal differentiation into adaxial slow muscle
ells.
marker is reduced in adaxial cell precursors (arrowheads, J–M) of
slow muscle fibres in some individuals from syu heterozygote
crosses (K, M) compared to the wild-type pattern (J, L) at both
tailbud (J, K) and 15 somite (L, M) stages; dorsal views, anterior to
top. Loss of myoD appeared fully penetrant at 15 somite, but of
reduced penetrance at tailbud stages (see text). Note the residual
myoD transcript in the preadaxial cells of the 15 somite syu
embryo tailbud (arrow, M). NT, neural tube; n, notochord; y, yolkFIG. 1. Sonic you zebrafish mutants have deficits in slow muscle.
Transverse sections show that somitic muscle of sibling wild type
or heterozygote (wt, A, D) and homozygous mutant sonic you (syu,
, C, E, F, I) 24-hpf zebrafish embryos contain superficial slow
yosin-immunoreactive muscle fibres (A–C, I) and medial fast
yosin-immunoreactive muscle fibres (D–F). Note that syu em-
ryos entirely lack the medial slow muscle pioneer fibres observed
n the nonmutant siblings (compare B, C with arrowheads in A) and
how a progressive loss of lateral slow muscle fibres from rostral
egions (not shown), through rostral yolk extension regions (A, B,
omite ;15) to caudal yolk extension (C, somite ;18). Quantita-
ion of numbers of slow muscle fibres in serial transverse sections
hrough the yolk extension confirmed that the number of fibres
as reduced throughout the region from around 20 on each side of
he animal in wild-type embryos to fewer than half that number in
yu embryos (G; sketch adapted from Kimmel et al., 1995). Values
re numbers of slow MyHC-expressing cells on the left/right side of
ach transverse section. Red letters indicate sections shown in
orresponding panels of this figure; asterisk, Fig. 5D. Retarded slow
uscle formation is already observed in wholemounts of 15 somite
mbryos (H, I, dorsal view, anterior to top). Adaxial slow muscle
bres, here visualised by general sarcomeric MyHC immunohisto-
hemistry, lie next to the notochord, but have yet to migrate
hrough the somite to their final superficial position. In syu
mbryos, MyHC is undetectable at some rostrocaudal positions
arrowheads, I) and is reduced elsewhere. Wholemount in situextension. Bar, 50 mm in A–F, 175 mm in H, I, and 135 mm in J–M.
s of reproduction in any form reserved.
v140 Coutelle et al.FIG. 2. CLUSTAL alignment of the conceptual translation product of the zebrafish myf5 gene with representatives of other major
ertebrate groups (mammals, birds, amphibia) (A). Localisation of myf5 (B–M) and myoD (N–Q) transcripts by in situ hybridisation at
different developmental stages. Myf5 transcripts first appear in the presegmentation embryo in two stripes adjacent to the notochord and
in broad triangular-shaped domains on each side of the embryonic shield at 9 hpf (80% epiboly) (B). The triangular expression domains
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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141Hedgehogs and Zebrafish Adaxial MyogenesisIn contrast to the adaxial myoblasts, the pattern of myf5
xpression in more lateral presomitic and somitic tissue
hanges, depending on the developmental stage. The initial
xpression of myf5 is in regions of presumptive lateral
resomitic mesoderm on both sides of the presumptive
otochord, level with the most anterior presumptive
daxial cells (Fig. 2B). Subsequently, as more posterior cells
onverge into the paraxial mesoderm, myf5 expression is
lso increased in the posterior paraxial mesoderm (Figs. 2C
nd 2D). From tailbud through 15 somite stages, the lateral
argin of the most posterior mesoderm expresses myf5
lmost as strongly as the adaxial cells, whereas myf5 is not
ighly expressed in the midline immediately posterior to
he nascent notochord (Figs. 2D, 2F, and 2M). At tailbud and
ater stages, lateral myf5 expression in the anterior pre-
omitic mesoderm resolves into alternating stripes of main-
ained and reduced signal (Figs. 2C, 2F, 2H, 2H’, and 2M),
uggesting that myf5 is down-regulated as cells leave the
ailbud (Fig. 2M, arrow). Posterior cells of developing
omites express high levels of myf5 mRNA, whereas the
nterior cells have little (Figs. 2F and 2H’). Indeed, dual-
abel in situ mRNA hybridisation (Fig. 2R) and parasagittal
sections suggest that the expression domains of myf5 and
myoD largely coincide in nascent somites (compare Fig. 2J
with 2O and 2K with 2P). myf5 is progressively down-
regulated as somites mature (Figs. 2H and 2I).
The expression of myoD in nonadaxial paraxial meso-
derm is quite distinct from that of myf5. myoD is not
initially expressed in the lateral presomitic cells as they
leave the tailbud, but appears in lateral stripes in a pattern
that is similar to the expression of myf5 as somites form
(compare Figs. 2L, 2N, and 2Q: Weinberg et al., 1996).
Strikingly, although myf5 is lost as the somites mature,
myoD expression is maintained in some undifferentiated
lateral somitic cells until they differentiate into fast muscle
cells, which occurs in a rapid rostral to caudal wave around
the 21 somite stage (Blagden et al., 1997). Whereas adaxial
cells in the presomitic mesoderm express myf5 and myoD
simultaneously, in the paraxial mesoderm separate cell
populations exist expressing either myf5 alone (in the
appear to transit towards the posterior end in 10-hpf (tailbud stage)
are present in the presomitic mesoderm and in the first 2–3 somite
expression, including the first 5–6 somites, is reached at 14 hpf (1
dorsal posterior view (F), dorsal anterior view (G). At subsequent
somites) (H, lateral view, and at higher magnification showing the
H’). Expression in the tail adjacent to the notochord is visible at 24
embryo (M), showing down-regulation of myf5 in presomitic meso
mbryos: parasagittal in nascent somites (J, anterior to left), transve
L). Localisation of myoD: 15-hpf (12–13 somite) flat mount (N) and
P), and transverse through presomitic mesoderm (Q). Both myf5 and
mesoderm and in lateral posterior cells of forming somites, in whic
expressed in the medial tail bud. Two-colour in situ mRNA hybridi
somites) dorsal view shows that myf5 and myoD are expressed in
adaxial cells.
Copyright © 2001 by Academic Press. All righttailbud), or myoD alone (in anterior somites), or both (in
posterior borders of newly formed somites, Fig. 2R).
Sonic Hedgehog Up-Regulates myf5 Expression
in Adaxial Cells
In mouse, Shh has been implicated in the regulation of
medial Myf5 expression in the somites, and we have previ-
ously shown that Shh is a notochord-derived signal capable
of inducing the adaxial slow muscle cell fate in zebrafish
(Chiang et al., 1996; Blagden et al., 1997; Borycki et al.,
1999). To examine if Shh was also involved in regulating
expression of myf5, we injected RNA encoding Shh into
two to four cell stage fish embryos and examined the myf5
expression pattern by in situ hybridisation at subsequent
stages. Overexpression of shh led to unilateral or bilateral
up-regulation of myoD in paraxial mesoderm, as previously
reported by Weinberg et al. (1996) (Figs. 3D and 3E, 19/32
injected embryos). A similar proportion of injected embryos
also showed a significant increase in myf5 expression in
lateral paraxial tissue (Figs. 3A and 3B, 15/29 embryos
injected). However, the induction of myf5 in lateral tissue
did not appear as extensive as that of myoD based on the
intensity of the ectopic in situ hybridisation signal com-
pared to that in adaxial cells and on the area of the
presomitic mesoderm with increased expression. Similarly
injected embryos that were allowed to develop to 10
somites showed a comparable bi- or unilateral up-
regulation of both myoD and myf5 (Figs. 3C and 3F). In a
small number of shh-injected embryos the normal anterior
expression of myf5 was entirely absent (compare Figs. 3C and
2G). Nevertheless, ectopic expression of shh led to ectopic
up-regulation of myf5 in paraxial presomitic mesoderm.
We next examined myf5 expression in syu embryos and
found a similar pattern of late stage reduction in adaxial cell
expression as for myoD (Figs. 1J–1M). Whereas adaxial cell
myf5 expression at tailbud stage is normal (e.g., Fig. 3G), at
the 15 somite stage expression of myf5 (5/19) and myoD
(7/25) is reduced in syu, but not wild-type, embryos (Figs.
3H, 3I, 1L, and 1M, arrowheads). Posteriorly, in the tip of
ryos (C). At the onset of segmentation lateral stripes of expression
2 hpf (5–6 somites); dorsal view (D). The maximal extent of myf5
somites), including the lateral presomitic cells; lateral view (E),
es, myf5 is rapidly down-regulated in rostral somites, 18 hpf (18
ion of myf5 expression in the posterior region of somites 2I to IV,
(30 somites) (I). Flat-mounted dorsal view of 15-hpf (12–13 somite)
in the region of somite 2I (arrow). Sections from similar 15-hpf
hrough somite 1 (K), and transverse through presomitic mesoderm
ions: parasagittal (O, anterior to left), transverse through somite 1
D signals are most intensely reactive in adaxial cells in presomitic
oD persists after myf5 declines. Neither myf5 nor myoD is highly
n (R) with a red myoD probe and a purple myf5 probe at 13 hpf (7–8
ially overlapping domains, in both the posterior somites and theemb
s at 1
0–11
stag
locat
hpf
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Copyright © 2001 by Academic Press. All rightthe tailbud, both myf5 and myoD mRNA were observed in
preadaxial cells in syu embryos, but were reduced in more
anterior cells with adaxial morphology (Figs. 3K–3N, arrow-
heads). By contrast, myf5 expression in lateral paraxial
presomitic mesoderm and somites appeared to be normal in
syu embryos.
The observed reduction of myf5 and myoD expression in
syu could result from lack of appropriate proliferation, cell
death, failure to induce slow muscle precursor cells, or
failure to maintain them once induced. To distinguish
between these possibilities we examined 15 somite syu
embryos during the period when formation of cuboidal
adaxial cells is in steady state, that is, when the presomitic
mesoderm is remaining constant in size as cells that be-
come sequestered into newly formed somites are replaced
by cells exiting the proliferating tailbud. Each future somite
contains approximately 20 adaxial cells, which are the
precursors of slow muscle fibres in the yolk extension
region, in a four-by-five cell array next to the notochord
(Devoto et al., 1996). BrdU labelling revealed no prolifera-
tion among cells of adaxial position and morphology out-
side the tailbud of wild-type embryos, nor were mitotic
profiles observed (Figs. 3K and 3N and data not shown).
Thus, decreased proliferation in syu can not account for the
disappearance of myf5 and myoD mRNA in adaxial cells. In
each of 83 embryos obtained from a syu heterozygote cross
and examined by flat mounting, no aberrant morphology or
positioning of adaxial cells was observed using the DNA
dye Hoechst 33258 and Nomarski optics (data not shown).
Moreover, in syu mutant embryos, identified by lack of
adaxial myf5 or myoD mRNA after in situ hybridisation,
the length of presomitic mesoderm between the most
recently formed somite border and the tailbud, the number
of adaxial cells in this region, and their positioning, shape,
and nuclear appearance were indistinguishable from those
of the wild type (Figs. 3K–3N). Evidence for cell death, such
as nuclear condensation, mispositioning, or cell engulfment
that could account for the loss of Mrf expression and,
dorsal to top) and the low frequency of adaxial apoptosis. The
decline in adaxial myf5 mRNA in a syu embryo (M) compared to
ild-type sibling (K) is not due to loss of the expressing cells,
ecause visualisation of DNA-containing nuclei in the same indi-
idual embryos reveals cells with normal adaxial morphology and
osition (L, N arrowheads). Insets in K–N show anterior presomitic
esoderm of 15 somite stage embryos, notochord at left (n). Rows
f adaxial cell nuclei (between arrows) are clearly discernible in
ild type, with myf5 signal outlining the nuclei (K, L). In syu
utant (M, N) a row of adaxial-like nuclei (between arrows) does
ot have cytoplasmic myf5 signal, but is morphologically distin-
uishable from nuclei in both nonexpressing notochord (n) and
yf5-expressing lateral paraxial presomitic mesoderm (asterisks).
ll images show posterior at bottom in either wholemount (A–I,
orsal view) or flat mount (K–N, ventral view after removal of yolk
ells) embryos. Bar, 200 mm in A–G, 120 mm in H, I, 67 mm in K–N,FIG. 3. myf5 is maintained in adaxial cells by Sonic hedgehog
rom the ventral midline. Injection of RNA encoding shh into two
to four cell zebrafish embryos causes widespread ectopic expression
of both myf5 (A–C arrowheads) and myoD (D–F arrowheads) in the
lateral presomitic mesoderm at tailbud (A, B, D, E) and 10 somite
(C, F) stages. myf5 expression appears unaffected by lack of Sonic
hedgehog in clutches of tailbud stage embryos from a syu hetero-
zygote cross (G, a randomly selected embryo from 45 in such a
cross, shown in three-quarter dorsal view, posterior at bottom). In
adaxial cells in the presomitic mesoderm of the future yolk
extension region of 15 somite syu embryos, myf5 mRNA levels are
reduced compared to wild type (H, I arrowheads), although lateral
presomitic mesoderm and somitic expression appears unaffected.
(J) TUNEL staining revealed few apoptotic cells in 15 somite
embryos from a syu heterozygote cross; dorsal view flat mount.
Single TUNEL-reactive cells (arrowhead) were detected in adaxial
positions (between arrows) adjacent to the notochord (n) in about
10% of embryos. Serial transverse sectioning of TUNEL-stained8 mm in J, 30 mm insets K–N.
s of reproduction in any form reserved.
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143Hedgehogs and Zebrafish Adaxial Myogenesissubsequently, slow muscle fibres, was not observed. In
addition, we performed TUNEL staining on 15 somite
embryos from both wild type and syu heterozygote crosses.
A low frequency of TUNEL-positive nuclei was observed in
most tissues, including adaxial cells of wild-type embryos.
No differences from wild type were observed in any geno-
type (63/63) from the syu cross (Fig. 3J). In conclusion,
neither decreased cell proliferation nor enhanced cell death
is likely to account for the loss of myf5 and myoD expres-
sion and the ensuing loss of slow muscle fibres in syu
embryos.
Adaxial myf5 and myoD Expression Are
Dependent on Notochord Signals
Significant numbers of slow muscle fibres are formed
caudally in the yolk extension region of syu embryos,
despite the failure to maintain either myf5 or myoD expres-
ion at wild-type levels in adaxial cells (Figs. 1 and 3). One
ossible explanation is that other hedgehog genes expressed
n the ventral midline of the syu embryo can rescue or
einitiate slow muscle formation. Two such zebrafish
edgehog genes are already known: twhh is expressed in
oorplate cells of the ventral neural keel and tube and ehh
s expressed in notochord (Ekker et al., 1995; Currie and
Ingham, 1996). Expression of both genes is maintained in
syu mutants (Schauerte et al., 1998). We therefore exam-
ined Mrf expression in floating head (flh) and no tail (ntl)
mutant zebrafish in which expression of ehh and/or twhh,
in addition to shh, is reduced.
flh embryos fail to form differentiated notochord and
consequently lack notochord-derived shh and ehh expres-
sion (Currie and Ingham, 1996; Strahle et al., 1996). Con-
sistent with the transdifferentiation of notochord to muscle
in rostral flh (Halpern et al., 1995), flh embryos show
ectopic induction of both myf5 and myoD in midline cells
that would otherwise have produced rostral notochord
(Figs. 4B and 4D; compare Figs. 3 and 4A and 4C). Early
rostral adaxial cells adjacent to the ectopic muscle initiate
myf5 and myoD expression normally (Figs. 4B and 4D), as
do preadaxial cells in the tailbud throughout development
(Figs. 4L and 4P). Adaxial cells in rostral somites retain Mrf
expression. However, there is a late-stage caudal loss of
adaxial Mrf expression in flh embryos similar to that in syu
(Fig. 4). Caudal adaxial cells lose expression of myf5 and
later myoD (myf5 was decreased in 14/48 five somite
embryos from a flh heterozygote cross (Figs. 4E–4L and 4P;
compare Figs. 3I and 1M). In flh mutants (21/76 from a flh
heterozygote cross), the myoD-expressing cells appear to
converge into the midline as they emerge from the tailbud
(Figs. 4G and 4H). Similar midline convergence is observed
in myf5-expressing adaxial and paraxial cells of flh embryos
(Figs. 4E, 4F, 4I, and 4J). Loss of Mrf expression accompa-
nying this convergence becomes increasingly pronounced
at more caudal levels. Nevertheless, patchy high-level mid-
line myf5 and myoD expression is observed after conver-
gence at somitic levels (Figs. 4F, 4H, 4J, and 4L, arrows). As
Copyright © 2001 by Academic Press. All righth embryos have “islands” of residual floorplate in the
entral neural tube that express both shh and twhh (Lau-
erdale et al., 1998), we suspect that up-regulation of
idline Mrfs is dependent upon build up of late-acting
verlying floorplate signals (Concordet et al., 1996; Blagden
t al., 1997). Consistent with a lack of maintenance and
ubsequent reinitiation of Mrf expression in adaxial cells of
h and syu embryos, 25% of 15 somite embryos from either
flh (33/136) or syu (6/19) heterozygote crosses show a delay
in formation of muscle cells (Figs. 4Q and 4R). We hypoth-
esise that this is because terminal differentiation of slow
muscle is delayed until another ventral midline signal,
possibly residual hedgehog expression, bypasses or reini-
tiates adaxial cell development and slow muscle formation
(Blagden et al., 1997).
Further evidence for the possibility of reinitiation of
daxial Mrf expression in syu and flh derives from exami-
ation of ntl embryos (Fig. 5), which have a mutation in a
ebrafish homologue of the brachyury gene and conse-
uently fail to form mature notochord or a tail beyond
bout somite 18 (Halpern et al., 1993; Schulte-Merker et al.,
994). In the ntl mutant, myf5 and myoD mRNA never
ccumulate in either preadaxial or adaxial cells, suggesting
hat, in contrast to flh and syu, preadaxial cells are not
orrectly initiated in ntl embryos (Figs. 5A–5D). In the
omites, however, marked medial up-regulation of myoD is
bserved, in the position that adaxial cells normally occupy
Figs. 5H and 5L). Thus, absence of Ntl protein leads to a
ailure of preadaxial cell induction within presomitic tis-
ue, although later, at somitic levels, other signals can
ypass the requirement for normal initiation and induce
elayed adaxial cell differentiation in ntl (Figs. 5M and 5N),
s occurs in flh and syu embryos. By contrast, paraxial cells
behave normally in ntl (Figs. 5E–5L).
Multiple Ventral Midline Signals Collaborate
in Slow Myogenesis
Several candidates exist for the additional midline signal
that bypasses or reinitiates Mrf expression and slow muscle
formation in syu, flh, and ntl embryos. Notochord-derived
Ehh has been suggested to induce the pioneer subset of slow
muscle cells (Currie and Ingham, 1996). And floorplate-
derived Twhh, which by sequence is highly related to Shh
(Ekker et al., 1995; Zardoya et al., 1996), has similar activity in
ssays of zebrafish Hh function (Du et al., 1997; Lauderdale et
l., 1998). These observations suggest that Ehh and/or Twhh
ay maintain or reinduce slow muscle in syu mutants. To
est whether, of the Hedgehogs, ehh alone is capable of
maintaining slow muscle in the zebrafish somite we elimi-
nated both twhh and shh expression from the embryo by
breeding syu fish with cyclops (cyc) mutants that lack floor-
plate (Rebagliati et al., 1998) and hence twhh expression (Fig.
6A). syu;cyc double mutants could be identified at 24 hpf by a
cyclopian eye, U-shaped somites, and lack of floorplate.
Whereas syu or cyc single mutants each contain significant
numbers of slow muscle fibres, double mutants contain very
s of reproduction in any form reserved.
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pFIG. 4. The adaxial cell phenotype of floating head and sonic you embryos is similar: failed caudal myf5 and myoD maintenance and
elayed terminal differentiation. myf5 (A, B, E, F, I, J) and myoD (C, D, G, H, K–P) mRNAs are reduced in adaxial cells, but not elsewhere
n homozygous flh embryos (B, D, F, H, J, L, P), in which notochord fails to mature, compared to wild-type or heterozygous siblings. As in
yu embryos, flh embryos show good adaxial expression at tailbud stage, but flh additionally has ectopic mesodermal midline myf5 and
yoD mRNA (arrows, B, D). At 5 somites, much myf5 mRNA is lost in adaxial cells of anterior presomitic mesoderm (F), and myoD
RNA-containing cells are converging into the midline (H). This trend is accentuated at 10 somites, when both myf5 and myoD mRNAs
J, L) appear reduced in anterior presomitic adaxial cells, except for rare clusters of cells that appear to reexpress in the anterior midline
arrows, F, H, J, L). By 17 somites, myoD mRNA is undetectable in anterior presomitic mesoderm of flh (P) and syu (M) embryos, but
nevertheless is detected at wild-type levels flanking the notochord anlagen in the tip of the tailbud (arrows, M, O, P). In contrast, this
expression is entirely lost in no tail embryos (arrow, N). Arrowheads mark the most posterior left somite boundary in each panel.
holemount immunohistochemical detection of sarcomeric MyHC (Q, R) reveals that, whereas adaxial cell terminal differentiation
recedes or is contemporaneous with somite formation in siblings, differentiation is substantially and variably delayed in syu (Q) or flh (R),with the caudalmost detectable MyHC being in older somites (arrows). Bar, 200 mm in A–P and 177 mm in Q, R.
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145Hedgehogs and Zebrafish Adaxial Myogenesisfew slow muscle fibres expressing low levels of slow MyHC
(on the order of 10 per embryo, Figs. 6B–6E). In contrast, fast
muscle differentiation proceeds efficiently in syu;cyc double
mutants (Fig. 6F). Thus, in vivo, notochord-derived Ehh alone
(assuming it is normally expressed and secreted in double
mutants) is incapable of maintaining significant numbers of
slow muscle fibres, whereas the floorplate provides a signal
that can either maintain or reinduce slow muscle in the
absence of Shh.
DISCUSSION
Data presented in this paper lead to three major conclu-
sions. First, Shh signalling is required for maintenance of Mrf
FIG. 5. Failure of adaxial myogenesis in posterior no tail embryos
E–H), and 15 somite (I–N) ntl embryos (B, D, F, H, J, L, N) reveals t
s severely reduced at all stages and positions examined, compared
ateral somitic expression levels of both myf5 and myoD appear una
f substantial medial myoD mRNA at somitic levels (arrows, D, H
stages of ntl development (asterisks, F) and is almost lost caudally
view, tailbud at bottom). Wholemount visualisation of all sarcom
delayed in the 15 somite stage ntl embryo (M, N dorsal view, anteexpression and slow myogenesis in many adaxial cells, but not
Copyright © 2001 by Academic Press. All rightor their survival. Second, the newly cloned myf5 gene is
xpressed in precursor cells of both slow and fast muscle but
s regulated differently in each lineage: whereas Hh signalling
s required for normal myf5 and myoD expression and termi-
al differentiation of adaxial slow muscle precursors, fast
uscle precursors appear to differentiate independently of
entral midline-derived Hh. Third, adaxial myogenesis in the
ebrafish is dependent on the combined action of at least two
ignals from the ventral midline, one of which is Shh and the
ther likely to be another Hh protein.
Hedgehogs Are Required for Maintenance
of Slow Myogenesis
It is now well established that reduction in Hh signalling in
rs at the Mrf induction stage. Analysis of 5 somite (A–D), 10 somite
daxial myf5 (A, B, E, F, I, J) and myoD (C, D, G, H, K, L) expression
ild-type or heterozygous siblings (A, C, E, G, I, K, M). In contrast,
ed by the ntl mutation at early stages. Note the delayed appearance
myf5 mRNA accumulation in the tailbud tip is decreased at later
l embryos as outgrowth ceases (asterisks in J, dorsal three-quarter
MyHC shows that adaxial muscle differentiation is substantially
to left). Bar, 200 mm in A–L and 164 mm in M, N.occu
hat a
to w
ffect
, L).
in ntzebrafish leads to defects in adaxial slow myogenesis (Van
s of reproduction in any form reserved.
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146 Coutelle et al.Eeden et al., 1996; Blagden et al., 1997; Du et al., 1997;
chauerte et al., 1998; Karlstrom et al., 1999; Lewis et al.,
999b; Barresi et al., 2000). Yet Shh is not absolutely required
or slow muscle formation (Lewis et al., 1999b). Numerous
low muscle fibres form and undergo normal migration,
articularly in rostral somites of syu fish. In addition to shh,
he zebrafish ventral midline expresses two other hh family
enes: ehh and twhh (Ekker et al., 1995; Currie and Ingham,
1996). Nevertheless, there is almost complete loss of slow
muscle in (i) you-too mutants lacking a zebrafish homologue
of gli2, a transcription factor thought to be involved in Hh
signalling, (ii) embryos overexpressing constitutively active
protein kinase A or ptc1, inhibitors of Hh signalling, and (iii)
syu;cyc double mutants, which express neither shh nor twhh
in the ventral midline. Thus, several Hh signals collaborate to
permit slow myogenesis in the zebrafish.
What, precisely, is the role of Hh signalling in slow myo-
genesis? Cell labelling studies in wild-type zebrafish embryos
indicate that the anterior presomitic adaxial cells of 15 somite
embryos derive from the cells we have named preadaxial that
FIG. 6. Exacerbation of slow muscle deficits in sonic you;cyclops
in wild-type and mutant zebrafish embryos (A). Slow MyHC-expres
(B) and cyc (C) embryos are indistinguishable. syu embryos show
solated residual slow muscle cells (E, arrow), yet expresses substa
ransverse sections, dorsal at top. Each of three syu;cyc mutants
omites,were serially sectioned and individuals were found to conlie immediately lateral to the notochord in the tailbud at (
Copyright © 2001 by Academic Press. All rightlightly younger stages (Kanki and Ho, 1997). We show that
hh is required for the maintenance of Mrf expression in these
readaxial cells. This finding raises the possibility that Hhs
romote adaxial cell survival, in a manner analogous to the
roliferative and anti-apoptotic action of Shh in the amniote
omite (Asakura and Tapscott, 1998; Teillet et al., 1998;
arcelle et al., 1999). However, no enhanced cell death or
ecreased proliferation is observed in the presomitic meso-
erm of syu mutant embryos. On the contrary, morphologi-
cally distinct healthy adaxial cells that appear to have lost Mrf
expression are present in syu embryos. Although we cannot
ormally rule out an extremely rapid apoptosis (with the
UNEL-positive stage lasting ,30 s), followed by replacement
y cells of adaxial morphology, we believe that early Hh
ction maintains high-level adaxial myf5 and myoD expres-
ion, contributing to distinguishing adaxial cell fate from
araxial fast muscle precursors.
Hitherto, expression of Myf5 and/or MyoD has been
egarded as the commitment step for myogenesis, possibly
ue to the chromatin remodelling activity of these two Mrfs
le mutant. Schematic representation of hedgehog gene expression
muscle cells (B–E) in the yolk extension region of 24-hpf wild-type
muscle reduction (D). A syu;cyc double mutant embryo has only
ly normal fast muscle in an adjacent section (F). All panels show
91 cross progeny, identified by lack of floorplate and U-shaped
two, five, and eight slow cells. Bar, 50 mm.doub
sing
slow
ntialWeintraub, 1993; Gerber et al., 1997). Expression of one or
s of reproduction in any form reserved.
s
f
e
a
q
e
o
m
e
f
v
s
m
e
f
m
m
e
e
t
m
e
s
a
fi
o
i
a
c
a
e
d
m
m
a
(
(
(
a
o
v
s
d
e
t
f
e
t
i
i
t
l
l
o
v
T
s
z
a
e
a
v
o
m
t
e
n
n
t
fi
i
r
m
t
b
t
m
t
s
t
S
s
b
p
g
a
A
t
1
L
p
v
l
r
d
r
a
fl
fl
u
o
fl
t
147Hedgehogs and Zebrafish Adaxial Myogenesisboth genes is the earliest marker of all myogenesis in
amniote skeletal muscle (Ott et al., 1991; Cossu et al.,
1996). Although either gene alone is sufficient to permit
myogenesis, in the absence of both genes myoblasts fail to
form (Rudnicki et al., 1993). Our data demonstrate that in
the absence of shh, preadaxial cells express both myf5 and
myoD. Nevertheless, in the absence of further Hedgehog
ignalling, cells derived from these same preadaxial cells
ail to maintain expression of myf5 and myoD. Thus,
xpression of these genes is insufficient to commit cells to
daxial myogenesis. Prolonged Hh signalling is also re-
uired. Hhs could act by directly targeting the regulatory
lements of Mrf genes. Alternatively, their effects could be
n other genes or posttranscriptional. The delay in slow
uscle differentiation in rostral somites of syu embryos,
ven though Mrf expression is usually indistinguishable
rom wild type in this region, is consistent with the latter
iews. It is noteworthy that murine Myf5 alone is not
ufficient to maintain its own expression and support
yogenic differentiation without other Mrf genes (Valdez
t al., 2000). Our data show that, even in the presence of
unctional Mrf genes, expression of both myf5 and myoD
RNAs is also insufficient to commit cells to adaxial
yogenesis without further environmental signals.
Regardless of the Hh requirement for maintenance of Mrf
xpression, it is still unclear if Hh signalling is required
arlier for preadaxial Mrf induction. In experimental situa-
ions, Shh can induce adaxial-like Mrf expression and slow
yogenesis (Weinberg et al., 1996; Blagden et al., 1997; Du
t al., 1997). Indeed, Hhs may have an inductive role in the
ubdivision of the slow muscle cell population in zebrafish,
s formation of the muscle pioneer subset of slow muscle
bres is more sensitive to Hh perturbation than the nonpi-
neer slow cells (Currie and Ingham, 1996). Hh expression
n the tailbud precursors of floorplate and notochord could
ccount for normal medial Mrf induction in preadaxial
ells, as has been suggested for the action of Shh in
mniotes (Chiang et al., 1996; Borycki et al., 1999). How-
ver, myf5 is also expressed in the lateral tailbud some
istance from any known Hh source. Moreover, the com-
on Mrf expression pattern, involving strong expression of
yoD in preadaxial cells, in embryos in which both Shh
nd Twhh have been reduced by morpholino injection
Nasevicius and Ekker, 2000) and in mutants lacking Shh
syu), Gli2 (yot) (Lewis et al., 1999b), slow-muscle-omitted
Barresi et al., 2000), and differentiated notochord (flh)
rgues that Hh signalling may not be required for initiation
f preadaxial Mrf expression in zebrafish. Support for this
iew derives from the complete absence of myoD expres-
ion caudally in presomitic mesoderm of ntl embryos,
espite the abundant expression of Shh and Twhh in the
xpanded floorplate (Odenthal et al., 1996), which suggests
hat it is the lack of a signal other than a Hh that accounts
or the failure of Mrf initiation in the tailbud of ntl
mbryos. The ntl muscle phenotype appears to comprise
wo elements. One is an early phase, entailing failure of
nduction of preadaxial cells (as shown by loss of both the S
Copyright © 2001 by Academic Press. All rightncrease in myf5 and expression of myoD in adaxial cells),
hat can be bypassed, probably through later ventral mid-
ine Hh signalling, giving rise to rostral slow muscle. The
ater phase, in which the bypass fails, results in the absence
f caudal slow muscle, probably due to the complete loss of
entral midline signals, so that only fast muscle is formed.
aken together, the data support the view that shh expres-
ion from the ventral midline is required for maintenance of
ebrafish adaxial Mrf expression and that later exposure to
dditional midline signals (probably Hhs) reinitiates Mrf
xpression and delayed slow muscle formation in syu, flh,
nd ntl mutants.
Our results shed light on the strength of the various
entral midline Hh signals. Loss of twhh expression, and
ther signals from the floorplate of the neural tube, in cyc
utants (Rebagliati et al., 1998) or by Twhh morpholino
reatment (Nasevicius and Ekker, 2000), has no detectable
ffect on slow myogenesis, indicating that signals from
otochord are sufficient for slow myogenesis. Yet, when
otochord-derived Shh is removed in syu;cyc double mu-
ant embryos almost no slow muscle is formed. This
nding shows, firstly, that in the absence of floorplate Shh
s required for slow myogenesis and, secondly, that the
emaining Ehh is not capable of adequate Hh signalling to
aintain significant quantities of slow muscle. It is likely
hat the relatively normal slow muscle in cyc is promoted
y the combined action of Shh and Ehh from notochord. On
he other hand, abolition of notochord-derived signals in flh
utants permits extensive slow myogenesis, indicating
hat nonnotochordal ventral midline-derived signals can
upport slow myogenesis. In this latter case, we suggest
hat the combined action of floorplate-derived Twhh and
hh is sufficient to support full, albeit delayed, nonpioneer
low myogenesis. Although a non-Hh signal(s) present in
oth floorplate and notochord might collaborate with Hh
roteins to maintain slow myogenesis, our analysis sug-
ests that in wild-type embryos full slow myogenesis is
chieved by the combined signalling of several Hh proteins.
s twhh is thought to be a duplicated homologue of shh in
he zebrafish genome (Ekker et al., 1995; Zardoya et al.,
996), and Twhh has similar activity to Shh (Du et al., 1997;
auderdale et al., 1998), Twhh is a prime candidate for
roviding the major contribution in addition to Shh. This
iew is supported by the observation that reduction of Twhh
evels can exacerbate the deficit in adaxial cells caused by
eduction in Shh levels (Nasevicius and Ekker, 2000).
The absence of Shh has more severe consequences cau-
ally: slow muscle development is aberrant in the tail but
elatively normal in rostral somites. The similarity of syu
nd flh phenotypes suggests that, in the caudal somites of
h it is the lack of Shh that accounts for the defect. In syu,
oorplate-derived Twhh and notochord-derived Ehh seem
nable to maintain Mrf expression in presomitic mesoderm
f future caudal somites. Thus, in caudal regions the
oorplate signals (Twhh and Shh) may be later acting than
he notochord-derived Hh activities (Ehh and especially
hh). In agreement with this, ntl mutants, which lack
s of reproduction in any form reserved.
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148 Coutelle et al.notochord (early acting) but have expanded floorplate (and
consequent abundant late-acting floorplate-derived Shh and
Twhh (Odenthal et al., 1996; 2000)), nevertheless fail to
nduce or maintain adaxial Mrf expression. Rostrally, by
ontrast, a relatively earlier increase in Twhh activity may
itigate the deficit in Hh activity caused by loss of either
hh or notochord. Whether this rostrocaudal difference
ontributes to the distinct development of the rostral seven
omites in zebrafish remains to be determined.
myf5 and Zebrafish Muscle Patterning
We have isolated a homologue of the Mrf myf5 in the
zebrafish. The genomic structure of this gene, and in particu-
lar the sequence of the bHLH region, is much more similar to
the myf5 homologues of diverse vertebrate species (fish,
amphibia, birds, and mammals) than to other Mrfs. In addi-
tion, the temporal and spatial expression pattern in zebrafish
embryos in the paraxial mesoderm supports its role as a
myogenic factor. In some fish and amphibia, muscle differen-
tiation takes place prior to somite segmentation, presumably
to allow the larvae to develop rapidly. Like the myoD genes of
zebrafish and Xenopus, the myf5 gene is activated in the
resomitic mesoderm prior to somite formation and differen-
iation. The expression pattern of zebrafish myf5 is similar to
hat reported for xmyf5 (Hopwood et al., 1991). In both
Xenopus and zebrafish, myf5 transcripts initially accumulate
in the presomitic mesoderm and show a marked decrease in
expression levels shortly after somite formation (Hopwood et
al., 1991). This contrasts with the expression of this gene in
the mouse, where Myf-5, the earliest Mrf expressed, is appar-
ently activated at high levels only after segmentation of the
paraxial mesoderm into somites (Ott et al., 1991; Buckingham
et al., 1992). An explanation for this difference may lie in the
expression of gli genes: in zebrafish gli2 is expressed through-
out the presomitic mesoderm and is required for normal slow
myogenesis, whereas in chick the absence of gli2 expression
until somitogenesis appears to render presomitic tissue insen-
sitive to Shh signalling until that time (van Eeden et al., 1996;
Borycki et al., 1998; Karlstrom et al., 1999).
In zebrafish, adaxial cells coexpress myf5 and myoD until
myf5 expression is lost after terminal differentiation of the
adaxial cells and the initiation of myogenin expression
(Weinberg et al., 1996). In the absence of medial Hh signals
that maintain adaxial Mrf gene expression, myf5 mRNA
rapidly becomes down-regulated to the level present in
more lateral paraxial mesoderm, whereas myoD mRNA
persists somewhat longer. This residual expression could
simply reflect greater resistance to degradation of the abun-
dant myoD mRNA. Alternatively, Myf5 protein may need
to be degraded before myoD gene expression is curtailed.
Such a view would fit well with the finding that myf5 is
required for myoD expression driven by Shh in the medial
mouse somite (Borycki et al., 1999). This medial domain of
myf5-expressing muscle precursors is missing in shh null
mice, suggesting that Shh signalling is required for normal
myf5 expression medially in the mouse, as in fish. Ablation
Copyright © 2001 by Academic Press. All rightof Myf5 in mice also leads to a delay in MyoD activation,
suggesting that the early activation of MyoD is dependent
on Myf5 (Tajbakhsh et al., 1997; Borycki et al., 1999).
Knowing whether medial myogenesis in zebrafish requires
myf5 will await studies of the ablation of myf5 function.
In the lateral fast muscle precursors of zebrafish, myf5 is
rapidly replaced by myoD expression as somite boundaries
form. This raises the possibility that lateral myoD expres-
sion may itself be responsible for maintaining the myogenic
potential of the fast muscle precursors until they terminally
differentiate many hours later. Lateral muscle precursors in
both species, however, appear to form independently of
ventral midline Hh signals.
Cell Fates and Myogenesis within the Tailbud
During tailbud outgrowth, lineage tracing has shown that
axial cells posterior to the nascent neural tube contribute to
both adaxial and paraxial presomitic mesoderm (Kanki and
Ho, 1997). These axial tailbud cells do not express myf5 or
myoD. It is likely, therefore, that signals within the tailbud
induce and then repress myf5 expression in paraxial meso-
erm cells as they progress through the maturing presomitic
esoderm. Similarly, cells moving into the adaxial columns
nduce myf5 and myoD independently of Shh, Gli2, Slow-
uscle-omitted, and floorplate (this work; Lewis et al., 1999b;
arresi et al., 2000; Odenthal et al., 2000), suggesting that
ther inducing signals arise adjacent to the base of the noto-
hord. Because such signals do not persist, Hh signalling is
equired for maintenance. Thus, the zebrafish tailbud con-
ains a combinatorial patterning system that distinguishes
recursors of two populations of muscle cells, the preadaxial
ells that express both myf5 and myoD and the nonadaxial
recursors, which detectably express only myf5 until just
rior to somitogenesis. The successive steps of somite pattern-
ng from their origin in the tailbud are reminiscent of those
bserved in floorplate and motoneuron formation in the
eural tube and involve similar genetic pathways (Odenthal et
l., 2000). In summary, we propose an addition to our previous
odel (Blagden et al., 1997, Fig. 6) to include an extra induc-
ive signal prior to Hh-mediated maintenance. First, signals
cting adjacent to nascent notochord tissue induce Mrfs in
readaxial and paraxial precursor cells. Then notochord-
erived Shh caudally, or a combination of Shh and Twhh
ostrally, maintains adaxial myoD and myf5 expression. The
increasing strength of Hh signal controls the timing of adaxial
cell terminal differentiation. Further midline signalling, prob-
ably involving notochord-derived Hhs as suggested previously
(Currie and Ingham, 1996; Blagden et al., 1997; Du et al.,
1997), is required to induce the slow muscle pioneer cells from
among the adaxial cells.
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Note added in proof. Recently, a description of a zebrafish myf5
ene and its expression has been published (Chen, Y.-H., Lee,
.-C., Liu, C.-F., and Tsai, H.-J. (2001) Genesis 29, 22–35) showing
8% identity of nucleic acid level. A role for Shh in maintenance of
rf expression has also been suggested in mice (Kru¨ger, M.,
ennerich, D., Fees, S., Scha¨fer, R., Mundlos, S., and Braun, T.
2001) Development 128, 743–752).
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